This investigation demonstrates the rapid synthesis of a large quantity of uniform-sized gold nanocubes by an electrochemical method, using a surfactant solution and acetone. A redshift is observed in ultraviolet-visible absorption spectra as the shape of gold nanoparticles changes from spherical to cubic. The selected area electron diffraction patterns reveal that the gold nanocubes are single crystalline with lattice constant a = 4.068 Å. The nanocube edge is about 30 nm long. The gold nanocubes are truncated structures, as revealed by high-resolution transmission electron microscopy analysis. The effect of acetone addition on the shape of particles is also discussed. Nanoparticles have been widely studied in a wide range of technological applications and in fundamental research in materials sciences, chemistry, physics, biology, and environmental sciences.
Nanoparticles have been widely studied in a wide range of technological applications and in fundamental research in materials sciences, chemistry, physics, biology, and environmental sciences. 1, 2 The size and shape of the nanoparticles are important factors in determining their optical, electric, magnetic, and catalytic properties. 3, 4 Hence, the effective control of the shape and size of synthesized nanoparticles is an emerging research topic. In the last several years, numerous nanoparticles with interesting morphologies or specific shapes have been successfully prepared, such as nanowires, nanotubes, nanobelts, nanoflowers, and nanonails. [5] [6] [7] [8] [9] Nanoparticles with cubic structures, and their growth process, have been actively studied because of their potential applications in optoelectronics, microelectronics, and other fields. Nanocubes have been synthesized by various methods, including wet-chemical reduction, 10 capillary electrophoresis, 11 the extended solution phase method, 12 hydrothermal synthesis, 13 solid-state reaction, 14 the solgel method, 15 chemical vapor deposition, 16 electrodeposition 17 and dynamic injection. 18 Most of these syntheses of the nanocubes are based on templates.
The electrochemical synthesis of metal nanoparticles has been widely researched since the early work of Reetz in 1994. 19 The electrochemical procedure for obtaining metal nanoparticles, in which a metal sheet is dissolved at the anode and the intermediate metal salt formed is reduced at the cathode, gives rise to the stabilization of metallic particles by the surfactant. The electrochemical technique has been found to be superior to other approaches for synthesizing nanoparticles because it has a lower processing temperature, uses modest equipment, allows the yield to be controlled, is low-cost, and yields high-quality products. 20, 21 Yu et al. in 1997 electrochemically synthesized gold nanorods with fairly good uniformity and controlled aspect ratio. 22 These nanorods are generally grown by a template method with a dynamic surfactant micelle system which serves as the soft template; a small amount of organic solvent must be added to the surfactant solution to promote the formation of the rodlike micelle. For example, Chang et al. recently demonstrated that gold nanorods can be formed in high yields when a small amount of cyclohexane is used as an additive in the electrolytic solution with surfactant. 23 In our previous study, the electrochemical technique for fabricating gold nanorods with a crooked structure by addition of isopropanol solvent was proposed. 24, 25 The synthesis of gold nanocubes using this simple electrochemical technique has not been reported before to our knowledge.
The shape of gold nanoparticles in the presence of the acetone solvent with an ionic surfactant as a soft template was systematically investigated to develop an electrochemical method. An example of the formation of gold nanoparticles with cubic structures by the electrochemical method is presented for, to our knowledge, the first time. This work explores in detail the influence of acetone solvent with surfactant on the structure of gold nanoparticles.
Experimental
In a typical electrochemical experiment, such as that described in our previous study, 24, 25 gold nanocubes are formed in a simple twoelectrode cell powered using a power supply ͑MOTECH LPS-305, Taiwan͒. Figure 1 schematically depicts the setup for the preparation. A gold plate and a platinum plate were cut to dimensions of 30 ϫ 10 ϫ 0.5 mm, as the anode and cathode, respectively. These two electrodes were placed vertically face-to-face inside the cell. Electrodes in the cell were separated by 0.5 cm and held in place by Teflon spacers. Typically, 3 mL of an aqueous solution of 0.08 M cationic surfactant cetyltrimethylammonium bromide ͑CTAB, 98%, Fluka͒ and 25.2 mg of a much more hydrophobic cationic cosurfactant tetradecyltrimethylammonium bromide ͑TTAB, 99%, Fluka͒ z E-mail: chien@nuk.edu.tw were used as the growth solution. A pipette was then used to add 0.95 mL of acetone solvent to the growth solution, and the test tube was then sonicated at 40 kHz for 5 min. The acetone solvent was injected into the growth solution during electrolysis at a rate of 125 L min −1 . The electrolysis was performed by constant ultrasonication at 40 kHz, and the synthesis was completed in 5 min. The temperature was held constant at 36°C, and the current was set to 5 mA. The size and shape of the gold nanocubes were observed by high-resolution transmission electron microscopy ͑HRTEM͒ with selected area electron diffraction ͑SAED; Philip Tecnai G2 F20͒. Crystal structures were identified by X-ray power diffraction ͑XRD; MAC Science MXT-III͒. The diffraction pattern of the gold nanocubes in the microstructure was analyzed using Digital Micrograph software by performing a fast-Fourier transformation ͑FFT͒ on the HRTEM image. The optical behavior of the gold nanocubes was studied using an ultraviolet-visible ͑UV-vis͒ spectrometer ͑Hi-tachi 3310, Japan͒.
Results and Discussion
In the electrochemical growth of gold nanoparticles, the bulk gold at the anode was oxidized to gold cations, which then migrated to the cathode where reduction occurs with the formation of gold adatoms on the cathode surface during electrolysis, as shown in Fig.  1 . These gold adatoms in the growth solution were trapped by the surfactant to form nanoparticles. The surfactant as the electrolyte and the stabilizer is generally regarded as a micelle template to control the size and shape of the nanoparticles. In this study, acetone solvent was injected into the electrolyte solution with surfactant, changing the surfactant micelle template, leading to gold nanocube structures.
Figure 2a-d shows the TEM images of gold nanoparticles obtained by injecting acetone solvent at rates of 50, 75, 100, and 125 L min −1 during electrolysis. The results clearly show that the shape of the gold nanoparticles can be changed by altering the rate of injection of acetone solvent. When the rate of injection of acetone was 50 L min −1 , the gold nanoparticles were almost spherical, and were small, as shown in Fig. 2a . When the rate of injection of acetone was increased from 75 to 100 L min −1 , the gold nanoparticles began to change from spherical to cubic, as shown in Fig. 2b and c. When the rate of injection of acetone was 125 L min −1 , the gold nanoparticles were almost cubic, as shown in Fig. 2d . However, controlling the rate of injection of acetone solvent to change the shape of the micelle template is expected to yield gold nanocubes with uniform sizes and shapes. The effect on the surface plasmon resonance ͑SPR͒ was much greater when the gold nanoparticles were changed from spherical to cubic. Figure 3 shows the UV-vis absorption spectra of gold nanoparticles obtained when acetone solvent was injected at various rates. The gold nanoparticles exhibited a strong SPR band that depends on the sizes and shapes of the particles. The SPR band maximum was usually between 520 and 530 nm for spherical gold nanoparticles. 26 The absorption bands of all samples were centered SPR bands between 520 and 540 nm. When the rate of injection of acetone was 50 L min −1 , the spherical gold nanoparticles displayed a strong SPR band at 525 nm as shown in curve a of Fig. 3 . The UV-vis absorption spectra shows the redshift in the SPR band when the spherical nanoparticles became cubic with an injection rate from 75 to 125 L min −1 , as shown in curves b-d in Fig. 3 . Cubes and spheres have only one SPR band at 538 and 525 nm, respectively, because the optical SPR band of the cubic and spherical nanoparticles is a single absorption band as the SPR is transverse. However, the absorption spectra of the anisotropy nanoparticles ͑aspect ratio Ͼ1͒ consist of two SPR bands corresponding to longitudinal and transverse resonances. [22] [23] [24] These optical characteristics are similar to those described elsewhere.
27,28 Figure 4 shows the typical TEM images of gold nanocubes, which have a cubic structure. Figure 4a shows slightly magnified TEM images, revealing that the products are a large quantity of uniformly sized nanocubes. A high-magnification TEM image indicates that the gold nanocubes with smooth faces have edge lengths around 30 nm, as shown in Fig. 4b . These gold nanocubes were regularly aggregated with the same arrangement that has the same principal direction as the self-assembled array. The gold nanocubes were regularly arranged because the uniformity of the size and smoothness of the faces of the gold nanocubes enabled the cubes to be held in a close-packed and ordered array by van der Waals forces. The inset in Fig. 4b also shows that the direction of the regular arrangement of the nanocubes changed when the particles in the assembly array were not cubic, and the interparticle spacing was changed. Additionally, most of the gold nanocubes had slightly truncated corners and edges, as shown in Fig. 4c . The inset of Fig. 4c shows an SAED pattern recorded by directing the electron beam perpendicular to the ͕100͖ facet of an individual gold nanocube. The characteristic spot array in the single crystal's diffraction pattern confirmed that gold nanocubes are single crystals. The lattice constant calculated from this SAED pattern was 4.068 Å, the value of which agrees with the value reported for face-centered cubic ͑fcc͒ gold ͑a = 4.078 Å; JCPDS 04-0784͒. Figure 5 plots energydispersive X-ray spectrometric ͑EDX͒ data obtained from a typical nanocube. All peaks can be assigned to the gold element. No other element was detected by EDX analysis, indicating that these nanocubes are purely gold. In Fig. 5 , the Cu peak was from the Cu grid that held the gold nanocubes during the test. Figure 6 shows the HRTEM image of a single gold nanocube. The gold nanocube in the area I in Fig. 6a clearly has right-angular corners as a truncated structure, indicating that the formed nanocubes grew in different directions and that the corner had a lattice feature. A boundary between the face and corner, composed of two lattice orientations, was clearly present, as shown in Fig. 6b . Diffraction patterns were also obtained by the FFT process from two 
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areas marked I and II in Fig. 6a . Fourier spectra are equivalent to optical diffraction patterns. The FFT diffraction patterns show numerous weak spots, corresponding to the lattice fringes of the nanocubes. The area marked I in the inset of Fig. 6b has a diffraction pattern that corresponds to the single crystal with an fcc structure along the ͓110͔ zone axis. Figure 6b shows the diffraction pattern of the gold nanocube at the boundary between the face and corner. It has fringes in two directions, and the structural feature of the gold nanocube at the boundary between the face and the corner demonstrates that the boundary was composed of ͕111͖ and ͕100͖ facets, with the beam perpendicular to the ͓110͔ axis. Figure 6c shows an HRTEM image of a single-nanocube top face with ͕100͖ facets, marked II in Fig. 6a . The lattice planes continuously extend to the whole particles without stacking faults or twins, indicating that the face part of the nanocube had a single-crystalline lattice and was ͓100͔-oriented without a structural defect. Figure 6c shows a lattice plane with a measured interplanar distance of 0.216 nm. The XRD data reveal that the material is crystalline cubic gold, as shown in Fig. 6d . These peaks from the atomic lattices of the gold nanocubes at 2 = 38.18, 44.39, and 64.57°are assigned to ͑111͒, ͑200͒, and ͑220͒ reflection lines, respectively. The lattice constant ͑a͒ calculated by Bragg law 29 from the XRD pattern is 4.077 Å, the value of which is consistent with the SAED pattern. No peak that would indicate any impurity was observed. The inset of Fig. 6d clearly delineates gold nanocubes with truncated structures and their corresponding crystallographic planes. Figure 7 shows typical HRTEM images of a selected individual gold nanocube with different particle shapes obtained at different rates of injection of acetone solvent. The surface of a spherical particle must contain high-index crystallography facets, potentially resulting in a high surface energy, as in Fig. 7a . The experimental results clearly show that the shape of the gold nanoparticles can be changed by changing the area ratios of the ͕100͖ to ͕111͖ facets, as shown in Fig. 7b-d . A previous study suggests that the geometrical shapes of cubo-octahedral nanocrystals are a function of the ratio of the growth rate in the ͗100͘ direction to that in the ͗111͘ direction. 30, 31 Increasing the area ratio of ͕100͖ to ͕111͖ changes the particle shape from spherical to cubic with truncated corners, as shown in Fig. 7e . The particle shape is a perfect cube with rightangled corners with the maximum area of the ͕100͖ facet and the minimum area of the ͕111͖ facet. The analysis of the data on the cubic structure shows that the structural formation of gold nanocubes comprises three main processes: ͑i͒ The growth rate in the ͗100͘ direction exceeds that in the ͗111͘ direction, enlarging the area of the ͕100͖ facet and reducing the area of the ͕111͖ corner, by the selective adsorption of surfactant ions on the ͕111͖ facet of particles with the addition of acetone solvent. As reported elsewhere, [32] [33] [34] the adsorption of inorganic and organic ions on the different crystal planes of the particles should be the main determinant of the growth rate of particles; ͑ii͒ each ͕100͖ facet has the same growth rate; and ͑iii͒ growth of the ͕100͖ facet increases the size without any morphological variation in the formation of a cubic shape.
The results of the above studies suggest the hypothesis that the mechanism of formation of gold nanocubes is as follows. In the electrochemical process, the bulk metal at the anode is oxidized to metal cations, which then migrate to the cathode where reduction occurs with the formation of adatoms. These adatoms are trapped by the surfactant to form nanoparticles. The surfactant absorbs strongly ͑as a bilayer͒ along the crystal face of the nanoparticle. The surfactant is usually considered to be a soft micelle template, which controls the size and shape of the nanoparticles. Microscopically, such adjustments may change the sizes of the spherical micelles, and subsequently affect the size of the resulting micelle-encapsulated nanoparticles. The equilibrium shapes of the micelles are usually spherical, but the shapes may change from spherical to rodlike or to disklike in some micellar solutions when solubilizate molecules, ions surfactant, or organic solvent is added. [35] [36] [37] [38] [39] In this study, the micelle template of the surfactant may have a cubic structure, following the addition of an acetone solvent. As reported elsewhere, when the organic solvents were added to a surfactant solution the polar group of the surfactant typically dissolves at the hydrocarbon/ water interface of the micelle. 40 Hence, the solvent reduces the surface charge density of the ionic micelles and thereby promotes the formation of micelle geometries with a low mean curvature, such as rods, disks, or other shapes. Wang et al. also reported the electrochemical synthesis of gold nanorods with ionic surfactants and organic solvents of acetone and cyclohexane. This approach is considered to facilitate the loosening of the surfactant micelle framework and the formation of the elongated rodlike template of surfactant micelles. 22, 23 Our previous studies 24, 25 indicate the synthesis of crooked gold nanocrystals by an electrochemical method using surfactant micelle template with additional isopropanol solvent. The isopropanol solvent was found to change the structure of surfactant micelle template. The growth of the gold nanocubes by an electrochemical method with additional acetone solvent is not yet fully understood. However, evidence suggests that acetone solvent in surfactant solution importantly facilitates the synthesis of gold nanocubes.
Conclusions
In summary, this study prepares single-crystalline gold nanocubes by a simple electrochemical method. The particle shape and morphology of the final products depend on the rate of injection of acetone solvent. The UV-vis absorption spectra of gold nanostructures indicate a redshift that corresponds to the change from spheri- Figure 7 . HTREM images of selected individual gold nanocubes oriented along ͓001͔ with different particle shapes by injected rate of ͑a͒ 50, ͑b͒ 75, ͑c͒ 100, and ͑d͒ 125 L min −1 of acetone solvent. ͑e͒ Geometrical shape of cubo-octahedral nanocrystals as growth ratio of ͗100͘ to ͗111͘ increase.
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Journal of The Electrochemical Society, 153 ͑8͒ D129-D133 ͑2006͒ D132 cal to cubic. The gold nanocubes have smooth faces and truncated structures between the corners and the faces, and they aggregate regularly. Future works will address the details of the mechanism of formation of gold nanocubes with surfactant solution and the addition of acetone, the optical characteristics of self-assembled 2D gold nanocubes arrays, and the accurate control of the size of nanocubes.
